We studied, over a 6-yr period, temporal dynamics of plum curculio, Conotrachelus nenuphar (Herbst.), immigration into an unsprayed section of a commercial apple orchard with the main aim of establishing the relationships between the timing of immigration, weather factors, and phenological tree stage. By using panel and pyramid traps baited with attractive synthetic odor and deployed near woods adjacent to orchard trees, we exploited the chemical cues potentially directing the spring immigration by plum curculios. On each of the 6 yr, traps were inspected on a daily basis over the entire period of plum curculio immigration, which ranged from 51 to 85 d. Across all 6 yr, most immigrant plum curculios (on average 57% of the total) potentially colonizing host trees were captured by traps by the time of petal fall. Based on our combined trapping and weather data, we propose the occurrence of pre-and postpetal fall periods of plum curculio immigration, each of which is inßuenced to a different extent by temperatures prevailing in spring. Only during the prepetal fall period, but not afterward, was there a strong inßuence of air temperature on captures by both panel and pyramid traps. Thermal constants (expressed in degree days) estimated reßected more accurately onset of plum curculio immigration than tree phenology. Our combined results indicate that the odor-baited traps evaluated can be used to predict initiation of plum curculio immigration using thermal constants and also to monitor accurately the magnitude of plum curculio immigration into orchard blocks. Findings are discussed with respect to the ecology and management of plum curculio.
A FUNDAMENTAL STEP IN the formulation of pest management strategies is the development of effective monitoring tools, a process that ultimately depends on a comprehensive understanding of the ecology and behavior of the insect pest (Foster and Harris 1997) . For instance, an important aspect of pest behavior that can be exploited by pest management practitioners is the manner by which a pest individual approaches natural resources, namely food, mates, or egg-laying sites (Hausmann et al. 2004) . The type and timing of movement into an area (immigration) and out of an area (emigration) by a pest individual is also vital to understanding the dynamics of the pest population (Pedigo 2001) .
The plum curculio, Conotrachelus nenuphar (Herbst) (Coleoptera: Curculionidae), has been regarded customarily by most commercial fruit growers in eastern and central North America as one of the most injurious insect pest of apples (Chouinard et al. 1992a , Vincent et al. 1999 ). Damage to fruit by plum curculio results from feeding and oviposition scars produced by adult females and from burrows by larvae. In northeastern North America, adults overwinter in a state of reproductive diapause, which terminates the following spring (Smith and Flessel 1968) . Forested areas adjacent to orchards are the primary overwintering sites, but some overwintering can take place within orchard blocks (Laßeur et al. 1987; unpublished data) . Previously, McGiffen and Meyer (1986) determined that postdiapause development of adult plum curculios is completed before the end of winter and that adult activity and dispersal in the spring are largely suppressed by low temperatures.
The timing of emergence of plum curculios from overwintering habitats and their immigration into apple orchards has most often been related to either air/soil temperatures or to host plant phenology. For example, temperature has been treated as the primary abiotic factor triggering adult emergence and immigration into orchard trees by most researchers (e.g., Quaintance and Jenne 1912 , Chapman 1938 , Bobb 1949 , Smith and Flessel 1968 , McGiffen and Meyer 1986 . In contrast, others (Garman and Zappe 1929 , Whitcomb 1929 , Lathrop 1949 , Armstrong 1958 related the seasonal abundance of plum curculios to particular stages of tree phenology. However, the relative inßuence of abiotic and biotic factors on the timing and extent of plum curculio immigration has not been quantiÞed in detail before.
Determining need for and timing of insecticide applications that will protect fruit from injury by plum curculio that are based on presence of adults on host trees has been a critical aspect for managing populations adequately (Racette et al. 1992 , Vincent et al. 1999 , 2004 . In concept, a reduction in amount of insecticide used against plum curculio from the conventional three whole-block applications during May and June in apple orchards in the northeastern United States (Coli 2004) to an amount that is precise according to need should be accompanied with an effective approach to monitoring the course of adult immigration. Most of the studies conducted thus far in apple orchards aimed at investigating the process of plum curculio immigration have involved either the use of radio-labeling techniques in Quebec (e.g., Laßeur and Hill 1987) or the limbjarring approach, which involves tapping tree limbs using a pole to dislodge plum curculios onto an underlying ground cloth (Quaintance and Jenne 1912 , Chapman 1938 , Racette et al. 1992 . The Þrst method is reliable, but it is expensive and impractical in the commercial orchard situation, whereas the second method is highly unpopular among apple growers in eastern North America (Racette et al. 1992 , Vincent et al. 1999 ) because of its several drawbacks: (1) it is labor intensive; (2) it can dislodge blossoms or fruit; (3) its efÞcacy is highly dependent on tree size, weather, time of day, and other factors; (4) it cannot be used to study immigration because plum curculios that are able to overwinter within orchards will be confounded with true immigrants; and (5) the difÞ-culty associated with sampling at night, the time when plum curculios are most active on trees (Chouinard et al. 1992b (Chouinard et al. , 1993 (Chouinard et al. , 1994 . Previously, we reported that two different trap types, when baited with synthetic attractive odors, represent a promising alternative for monitoring the onset, extent, and very importantly, the end of immigration by overwintered plum curculios into apple orchards by capturing them before reaching host trees.
Here, we studied, over a 6-yr period, temporal dynamics of plum curculio immigration into an unsprayed section of a commercial apple orchard in Massachusetts using the two types of odor-baited traps reported in Piñ ero et al. (2001) and Piñ ero and . In particular, we aimed at (1) characterizing the course of plum curculio immigration from woods into an apple orchard, including the identiÞcation of the onset, peak, and end of immigration for each trapping year as well as the duration of the immigration periods; (2) determining the relationships among trap captures, tree phenology, and mean air temperature; (3) estimating thermal constants for different stages (onset, 50th, and 80th percentiles of cumulative captures) of plum curculio immigration; and (4) determining the relative predictability of different stages of plum curculio immigration by comparing tree phenology versus thermal constants.
Materials and Methods
This study was conducted over a period of 6 yr (2000 Ð2005) at the University of Massachusetts Cold Spring Orchard (Belchertown, MA). We used a Ϸ1-ha unsprayed block comprised of a larger section having 216 small (M.9 rootstock) trees (primarily McIntosh and Red Delicious) located on the eastern side, and two smaller sections, located on the western side, having 145 medium-sized (M.26 rootstock) trees of various disease-resistant cultivars. The interrow and intertree distances were 5 and 4 m, respectively, for trees on M.9 rootstock, and 6 and 4.5 m, respectively, for trees on M.26 rootstock. The perimeter of the entire block, bordered almost entirely by mixed deciduous forest, was Ϸ500 m.
Traps used for the study were of two different types: (1) a clear sticky Plexiglas panel (60 by 60 cm), intended to capture plum curculios in ßight, and (2) a trunk-mimicking black pyramid trap (designed originally by Tedders and Wood 1994 to monitor pecan weevils), which captures plum curculios approaching host trees primarily by crawling. The woods-facing side of each panel was coated with Tangletrap glue (Orchard Equipment Supply Company, Conway, MA) to capture plum curculios that were presumably immigrating from the woods into the orchard block. Trap design is described in more detail in Piñ ero et al. (2001) .
For each of the 6 yr, traps were deployed in pairs (one trap of each type spaced 1 m apart) along the periphery of the orchard, in close proximity (Ϸ1 m) to the woods, under the assumption that the majority of plum curculios captured by traps had overwintered in the forest and were immigrating into the orchard block. Each pair of traps was spaced 10 m from other trap pairs on either side except in 2004 and 2005 , when the distance between each trap pair was 35 m. This greater distance was based on studies (Piñ ero and Prokopy 2005) that indicated that overwintered plum curculios immigrating into an orchard block can be attracted to odor-baited traps from at least 35 m. This trap density thus minimized effort and costs associated without compromising trap efÞcacy.
For each of the 6 yr, trap captures were pooled across all traps of the same type deployed in the orchard. The predominant bait used for luring plum curculios to traps was composed of benzaldehyde, one volatile component of both apple ßowers (Buchbauer et al. 1993 ) and plum odor (Leskey et al. 2001) , and the plum curculio aggregation pheromone grandisoic acid (Eller and Bartelt 1996) . This synergistic odor combination represents the most attractive lure developed to date for the univoltine, northern population of plum curculios . For each trapping year, we considered the plum curculio immigration as concluded when no captures occurred for 3Ð 4 consecutive d, with relatively high temperatures after fruit reached 3 cm in diameter (by late June/early July). All adult plum curculios captured were brought to the laboratory, where they were sexed, except in 2005.
The process of immigration into the apple orchard was characterized by the day of Þrst captures in traps and days of the 50th and 80th percentiles of cumulative captures. Most of the analyses conducted take into consideration data obtained before and after petal fall because this is the stage of tree phenology at which plum curculios exhibit the highest activity and dispersal (Laßeur and Hill 1987) , and also the time at which the Þrst insecticide is applied against plum curculio in Massachusetts orchards (Prokopy et al. , 2004 . A Kolmogorov-Smirnov test was used to determine nonparametrically, using pairwise comparisons, whether the cumulative distributions of captures varied across years. Because Kolmogorov-Smirnov tests are sensitive to differences in the general shapes of the distributions in two samples only, the P values were decreased accordingly using Bonferroni correction to account for the 15 different pairwise comparisons being performed (Bonferroni 1936 , Rice 1989 . Whether the median of plum curculio captures was the same across the 6 trapping yr was determined nonparametrically through Kruskal-Wallis tests.
The numbers of plum curculios captured by panel and pyramid traps before and after petal fall were compared across years using a 2 to test the null hypothesis that the two criteria of classiÞcation (captures before versus after petal fall and year) were independent from each other. Tree phenology was monitored on a daily basis on the MacIntosh trees, the cultivar most commonly used for monitoring apple tree phenology in New England (Koehler 2003) and the cultivar predominant in our block. Differences in stages of tree phenology among the cultivars present in the orchard block were considered to be minimal. The following numerical code, modiÞed from Chapman and Catlin (1976) , was used to record the different stages of tree phenology: (1) silver tip, (2) green tip, (3) half-inch tip, (4) tight cluster, (5) Þrst pink, (6) full pink, (7) Þrst bloom, (8) full bloom, (9) petal fall, (10) within 1 wk after petal fall, and (11) 2Ð 6 wk after petal fall (depending on the year). Stages 1Ð9 were considered as prepetal fall, whereas stages 10 Ð11 were postpetal fall.
Weather data for 2000 Ð2004 were taken at a weather station located 150 m from the orchard block and averaged on an hourly basis by data loggers (model CR10-X; Campbell ScientiÞc, North Logan, UT). Data from 2005 was recorded on a Watchdog weather station (Watchdog 900ET; Spectrum Technologies, PlainÞeld, IL). To determine type and strength of relationships existing between daily trap captures and mean air temperature, plum curculio captures occurring either before/during petal fall (i.e., from the moment of Þrst captures until the last day of petal fall), or after petal fall, PearsonÕs correlation analyses (Pearson 1896) were conducted on each yearÕs data separately for each trap type. Even though the relative inßuence of several weather factors on plum curculio captures has been already reported for the year 2000 by Piñ ero et al. (2001), the type of relationship existing between mean air temperature and plum curculio captures occurring before and after petal fall had not been determined before.
Thermal constants (expressed in degree days) for the initiation of plum curculio immigration (START) and 50th and 80th percentiles of cumulative captures were estimated using a temperature threshold of 6.1ЊC for resumption of adult activity after postdiapause development (McGiffen and Meyer 1986) . This threshold has also been used with the apple blossom weevil, Anthonomus pomorum L. (Ctvrtecka and Zdàrek 1992) , and the boll weevil, Anthonomus grandis Boheman (Parajulee et al. 1996) . On each trapping year, degree days started to accumulate on 1 January.
We constructed two coefÞcients of variation (CVs) to determine the amount of variability around the mean values of the thermal constants estimated and of tree phenology for the onset of plum curculio immigration. The Þrst CV involved mean thermal constants (using the average and SD values obtained across 6 yr), whereas the second CV involved the particular phenological tree stages at which plum curculios started immigrating into the orchard block (using the average and SD of the numerical code used on each year). The degree of correlation between tree phenology and thermal constants across the 6 trapping yr was estimated using Spearman rank R correlation analyses for (1) the day of Þrst captures (i.e., START) and (2) the 50th percentile of cumulative captures. All statistical analyses were performed using the software Statistica (StatSoft 2001).
Results
Overall Process of Plum Curculio Immigration. In all, 4,697 plum curculios were captured by traps across all 6 trapping yr (Table 1) The relative distributions of captures ( Fig. 1 ) and the median Julian day of captures varied signiÞcantly across the 6 trapping yr as determined by KolmogorovSmirnof tests (in all pairwise comparisons made P Ͻ 0.003, after Bonferroni corrections) and Kruskal-Wallis ( 2 ϭ 201.6; df ϭ 5; P Ͻ 0.001).
Plum Curculio Captures According to Tree Phenology. The particular phenological tree stages at which plum curculios started immigrating into the orchard block varied considerably from year to year. Table 1 shows that of the total number of plum curculio immigrants captured by panel and pyramid traps combined (potentially colonizing host trees), on average Ϸ57% had already been trapped by petal fall, with the remaining Ϸ43% being captured by traps after petal fall. A 2 test revealed that numbers of adults being captured by panel and pyramid traps before and after petal fall differed signiÞcantly across years ( 2 ϭ 123.3; df ϭ 11; P Ͻ 0.001 for panel traps, and 2 ϭ 91.2; df ϭ 11; P Ͻ 0.001 for pyramid traps). The period of time required from the last day of petal fall to achieve 80% cumulative captures was 1 Relationship Among Trap Captures, Tree Phenology, and Weather. In general, captures by pyramid traps were less inßuenced by mean air temperature than were by panel traps. For each of the 6 yr, there was a signiÞcant positive inßuence of mean daily air temperature on plum curculio captures by panel traps before petal fall ( Fig. 2A) . In contrast, after petal fall, the relationships between mean air temperature and captures by panel or pyramid traps were rather weak and nonsigniÞcant, except in 2003 for panel traps, the only year in which postpetal fall captures (by panel traps) were signiÞcantly and positively correlated with mean air temperature (Fig. 2B) . The proclivity of adults to either ßy or crawl was independent of sex (data not shown).
Thermal Constants for Different Stages of Plum Curculio Immigration. Table 2 shows the thermal constants estimated (base 6.1ЊC) for the different stages of plum curculio immigration. On average, the immigration started when 109.1 Ϯ 7.2 degree days had accumulated since 1 January. The 50th and 80th percentiles of cumulative captures were reached at 250.7 Ϯ 12.5 and 411.5 Ϯ 11.2 degree days, respectively.
Relative Predictability of Plum Curculio Immigration: Tree Phenology Versus Thermal Constants. We found less variability among years for the initiation of plum curculio immigration as determined by accumulation of degree days (CV ϭ 16.1) than by tree phenology (CV ϭ 39.4). Spearman correlation analyses show that, across all 6 trapping yr, values assigned to For each of the 6 trapping yr, plum curculio captures by panel and pyramid traps before petal fall (i.e. , phenological tree stages 1-9) and after petal fall (i.e., phenological tree stages 10 -11) characterize tree phenology were not associated with thermal constants for the days of Þrst captures (Spearman R ϭ 0.15; P ϭ 0.77). In contrast, thermal constant values estimated for the 50th percentile of cumulative captures were signiÞcantly and positively associated with phenological tree stage (Spearman R ϭ 0.84; P ϭ 0.038; Fig. 3 ).
Discussion
This study provides new insights into the process of plum curculio immigration in early spring. For example, the relative importance of weather factors and tree phenology on the timing of plum curculio immigration into an apple orchard was determined for the Þrst time in a comparative way over a 6-yr period. In particular, we determined that (1) by the time of petal fall, most immigration by plum curculios into the orchard block has already taken place, (2) spring temperature exerts stronger inßuence on plum curculio movement associated with immigration during the prepetal fall period of immigration than during the postpetal fall period, (3) immigration also depends largely on winter temperatures, and consequently, this event can be predicted using cumulative degree days (base 6.1ЊC and computed starting 1 January), and (4) the relative predictability of the onset of plum curculio immigration is explained better in terms of accumulation of degree days rather than by tree phenology.
In this study, we focused on adult movement related to immigration from overwintering sites (which primarily are woods) rather than adult activity on host trees. This is important to mention because, on reaching host trees, the duration of time spent on host trees and the different types of behavior (e.g., crawling, mating) exhibited by adult plum curculios have been found to depend primarily on host plant phenology (Smith and Flessel 1968 , Owens et al. 1982 , Racette et al. 1991 , Chouinard et al. 1993 , probably because of their imperative need to Þnd potential mates as well as feeding and oviposition sites. Consequently, because traps baited with attractive odor were deployed along the periphery of the orchard block (thereby intercepting plum curculios before reaching host trees) and inspected for the entire period of immigration on each trapping year, this study adds important knowledge to the overall understanding of the seasonal course of plum curculio immigration (Quaintance and Jenne 1912 , Chapman 1938 , Smith and Flessel 1968 , Laßeur and Hill 1987 .
Our trap-capture patterns obtained over the 6-yr period in the northeastern United States allow us to characterize plum curculio immigration as follows. First, stretches of hot weather occurring during the prepetal fall period (as in our 2000 season) are conducive to concentrated emergence and immigration of adult plum curculios. Under these conditions, most adults may be present within orchards before the end of the prepetal fall period. Thus, in years with high prepetal fall temperatures, a whole block spray by the time of petal fall should yield excellent control of the majority of the population. Second, during the postpetal fall period, plum curculio immigration continues but with a lesser inßuence of weather, unless cool temperatures (such as in our 2002 and 2005 seasons) have prevailed during the prepetal fall period, which would lead to an extended period of plum curculio emergence and immigration. Using similar reasoning, Reissig et al. (1998) developed an oviposition model involving accumulation of 171 degree days (base 10ЊC) after petal fall to predict for how long insecticide should be applied to orchard trees to prevent injury by plum curculio late in the season. Third, during and Ϸ2 wk after petal fall, a proportion (yet not determined) of plum curculios may actually be recolonizers rather than immigrants as indicated, among other evidence, by substantial back-and-forth movement by adult plum curculios between woods and orchard trees (Piñ ero and Prokopy 2005) . Under this scenario, damage to fruit sampled at harvest by plum curculio in Quebec (Laßeur and Hill 1987, Chouinard et al. 1992a ) and other areas of the northeast may be a consequence of reinfestations that occurred after the petal fall spray of insecticide.
Our thermal constant values calculated from our empirical data predict onset of plum curculio adult immigration at Ϸ109 degree days (base 6.1ЊC). This information represents the best tool to date available to predict onset of plum curculio immigration in Massachusetts orchards. We, however, recommend that thermal constants reported here be validated in additional locations in the northeast. Degree dayÐ based models are also being evaluated for the bivoltine, southern population of plum curculios to improve timing of scouting and/or trapping (Mulder et al. 1997 , Lan et al. 2004 .
The timing of immigration of overwintered plum curculios had been related to either soil/air temperature (Quaintance and Jenne 1912 , Chapman 1938 , Smith and Flessel 1968 , McGiffen and Meyer 1986 or to host plant phenology (Garman and Zappe 1929 , Whitcomb 1929 , Lathrop 1949 , Armstrong 1958 , but the relative inßuence of these two environmental factors had not been quantiÞed in detail before. Here, we found that, for the onset of plum curculio immigration, there was less variability among the 6 trapping yr for the estimation of degree days than for the stages of tree phenology, as determined by the CVs estimated and further conÞrmed by the lack of correlation existing between degree days and stage of tree phenology for the onset of plum curculio immigration. This indicates that examination of stages of bud development in spring is an unreliable monitoring tool for forecasting timing of plum curculio immigration. Several studies conducted in commercial apple orchards in Massachusetts (Prokopy et al. 1999 (Prokopy et al. , 2000 and also in the mid-Atlantic (Leskey and Wright 2004a) have reported no signiÞcant correlation between the temporal incidence and extent of plum curculio captures by either baited or unbaited traps and the temporal incidence and extent of ovipositional injury to fruit by plum curculio as a way of predicting potential occurrence of ovipositional injury to fruit based on trap captures. Odor competition from fruiting host trees may be an explanation for this seemingly lack of relationship (Leskey and Wright 2004b) . Our Þndings here provide two additional explanations. First, we determined that most plum curculios immigrate into apple orchards in Massachusetts during the prepetal fall period in comparatively warm springs. Therefore, only the minority of immigrating plum curculios can be expected to be captured by traps during the Þrst weeks of fruit development. Second, after petal fall, plum curculio immigration continues without being inßuenced by air temperature, whereas oviposition activity by plum curculios is more likely to Fig. 3 . Relationships between thermal constants (expressed in degree days, accumulated starting on 1 January) and stage of tree phenology (using a numerical code), for either (A) start of plum curculio immigration or (B) 50th percentile of cumulative captures. occur during warm days (Lathrop 1949 , Racette et al. 1991 . Therefore, a weak correlation between extent of trap captures and extent of injury to fruit by plum curculio occurring after petal fall can be expected. To overcome this problem, an efÞcient way of monitoring plum curculio activity after petal fall is the trap-tree approach developed by Prokopy et al. (2003 Prokopy et al. ( , 2004 . This approach consists in alluring adult plum curculios to a selected perimeter-row tree that is baited with the attractive synthetic odor benzaldehyde ϩ grandisoic acid (Piñ ero and Prokopy 2003) so that it can be used as an indicator of incidence of fresh ovipositional injury by plum curculio to fruit in all orchard trees, thereby determining need to spray insecticide against plum curculio. This tactic has been evaluated with highly promising results in several commercial apple orchards in different regions of the northeast (A. Agnello unpublished data).
In summary, results from this multiyear study indicate that winter temperatures inßuence the timing of initiation of plum curculio immigration, and consequently, this event can be predicted using cumulative degree days in Massachusetts, and potentially in other regions of the northeast. In contrast, examination of stages of bud development in spring is a poor monitoring tool for forecasting timing of plum curculio immigration. Once immigration has started, spring temperatures affect not only the magnitude but also the span of immigration. Such an inßuence of spring temperatures is remarkably strong during the prepetal fall period, but very weak afterward. Further research should reveal whether action thresholds could be constructed based on relative numbers of immigrant plum curculios captured by traps in particular locales during the prepetal fall period (before fruit is ready for oviposition) and potentially be used as a decision-making tool to determine, more accurately, need and timing of insecticide applications against plum curculio in the northeast.
